Introduction
============

The main goal of reperfusion therapy for acute myocardial infarction (AMI) is to restore epicardial and microvascular blood flow to the ischemic myocardium. The severe pathophysiological response triggered by AMI and reperfusion (AMI/R) results in slow flow or no-reflow phenomena, which restore epicardial flow but provide only poor perfusion of distal tissue ([@B01]). No-reflow is a poor prognosticator for left ventricular remodeling and function, acute and long-term clinical events, and survival ([@B02]). Therefore, reducing the extent of no-reflow has become an accepted target of reperfusion therapy for AMI ([@B03]).

The mechanism responsible for the no-reflow phenomenon is poorly understood, but it is likely to be multifactorial and involve microcirculation disturbances ([@B04]). Statins have been shown to reduce myocardial no-reflow after ischemia and reperfusion ([@B02],[@B05]). However, the mechanisms involved are also poorly understood. Short-term pretreatment with 80 mg atorvastatin 12 h before percutaneous coronary intervention (PCI), and an additional 40 mg preprocedure dose, has been shown to improve outcome in patients with acute coronary syndrome who undergo early, invasive intervention ([@B06]). The same investigators reported that postprocedural elevation of creatine kinase-myocardial band and troponin-I were also significantly lower in the atorvastatin-treated patients than in controls.

In the present study, we investigated the mechanisms of the no-reflow phenomenon and evaluated the effects of single-dose statins on myocardial no-reflow during AMI/R. It has been reported that no-reflow predominantly develops within the first 2 h of reperfusion ([@B02]). We, therefore, used a rabbit model of 4 h of coronary occlusion followed by 2 h of reperfusion to observe the effects of single-dose atorvastatin on interleukin (IL)-6, interferon gamma (IFN-γ), and myocardial no-reflow.

Material and Methods
====================

Animal model
------------

The animals and protocols used in the study were approved by the Institutional Animal Care and Use Committee of Binzhou Medical College.

Twenty-four New Zealand white male rabbits 5 to 6 months old and weighing 2.5 to 3.0 kg were anesthetized intravenously with 30 mg/kg pentobarbital sodium and ventilated with a respirator (SV900; Siemens-Elema, Sweden) using room air enriched with 1.5 L/min oxygen. A left lateral thoracotomy was performed in the third to fourth intercostal space, and the heart was suspended in a pericardial cradle. The middle portion of a major branch of the left circumflex coronary artery (LCX) was encircled with a suture. The two ends of the suture were threaded through a piece of plastic tubing to form a snare that could be tightened to achieve coronary artery occlusion.

The animals were divided randomly into three groups of eight: a sham-operated group, an AMI/R group, and group that received a single 10 mg/kg dose of atorvastatin (Pfizer Pharmaceuticals Limited, USA) 12 h before the experiment. The AMI/R and atorvastatin groups were subjected to 4 h of coronary occlusion followed by 2 h of reperfusion. In the sham-operated animals, the LCX was encircled by a suture, but not occluded. Data were collected at baseline, at the end of 4 h of LCX occlusion, and after 2 h of reperfusion. All procedures were carried out as previously described ([@B05],[@B07]).

Experimental protocol
---------------------

After completion of the experimental procedure, the area of no-reflow (ANR) was delineated by intra-atrial injection of 1 mL/kg of the fluorescent dye thioflavin S (Sigma Chemical Co., USA) that had been dissolved in 0.9% saline and then centrifuged at 1500 rpm for 5 min. The LCX was then re-occluded, and Evans blue dye was injected into the left atrium to determine the ligation area (LA). The animals were then euthanized by an overdose of xylazine (100 mg, *iv*) and 12 mEq KCl (intra-atrial), and the hearts were removed. The left ventricle was cut into five or six slices parallel to the atrioventricular groove. Areas not perfused by thioflavin S were identified under ultraviolet light in a dark room. The LA was defined as the region unstained by Evans blue dye, and the ANR was defined as the nonfluorescent area within the LA.

The other slices were incubated in a 1% solution of triphenyltetrazolium chloride for 15 min at 37°C. Regions that failed to demonstrate red staining were considered to represent areas of necrosis (NA). All slices were photographed. The outline of the left ventricular wall area, LA, ANR, and NA were analyzed using the Image-Pro Plus software (Media Cybernetics Co., USA). LA is reported as a percentage of the left ventricular wall area; ANR and NA are reported as a percentage of the LA.

After ANR and NA were evaluated pathologically, the rabbits in the atorvastatin and AMI/R groups were each divided into two groups by the size of the NA, i.e., a small group and a large group, to analyze whether no-reflow was dependent on the reduction of infarct size.

Measurement of serum IL-6
-------------------------

Two-milliliter blood samples were collected 5 min before LCX occlusion, at the end of 4 h of LCX occlusion, and after 2 h of reperfusion. The serum was separated from blood cells by centrifugation at 2000 *g* for 10 min at 4°C and stored at -20°C. Serum IL-6 levels were determined using an enzyme-linked immunosorbent assay (Xi-Tang Biotechnology Company, China) and a microplate reader (Anthos Company, Austria).

Assay of IFN-γ in myocardial tissue
-----------------------------------

Myocardial tissue samples were obtained from the normal, reflow, or no-reflow tissue slices immediately after the experimental procedures. The samples were washed in 0.9% saline, fixed in Paraform (40 g/L), embedded in paraffin, and microtome sections were obtained. Expression of IFN-γ was assayed using an immunohistochemical technique. The sections were observed under a light microscope (200×) and photographed. Three sections were randomly selected from each group, and three visual fields were randomly selected from each section for semiquantitative analysis using the Image-Pro Plus software (Media Cybernetics Co.). IFN-γ positivity is reported as the average integral optical density of the nine visual fields evaluated.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS version 13.0 for Windows (SPSS Inc., USA). Data are reported as means±SD. IFN-γ level, LA, ANR, and NA were compared among groups by one-way ANOVA followed by the Student-Newman-Keuls test for multiple comparisons. ANR and NA between the small and large groups were analyzed using the Student *t*-test. IL-6 data were compared by repeated measures ANOVA followed by the Student-Newman-Keuls test for multiple comparisons. Two-sided values of P\<0.05 were considered to be statistically significant.

Results
=======

Atorvastatin was associated with a decreased ANR and NA
-------------------------------------------------------

There was no significant difference in the pathological evaluation of LA between the atorvastatin (37.45±3.25%) and AMI/R (36.87±2.16%; P\>0.05) groups. The mean ANR was significantly smaller in the atorvastatin group (47.01±6.89% of LA) than in the AMI/R group (85.67±4.94% of LA; P\<0.01). The NA in the atorvastatin group (85.94±7.01% of LA) was also significantly smaller than in the AMI/R group (96.56±2.26% of LA; P\<0.01) ([Figure 1A and B](#f01){ref-type="fig"}, [Figure 2](#f02){ref-type="fig"}). No-reflow was not dependent on the reduction of infarct size.

![*A*, Comparison of ischemic area (ligation area) between two groups. *B*, Comparison of area of no-reflow and necrosis area between two groups. *C*, Comparison of area of no-reflow and necrosis area between small and large groups. AMI/R: acute myocardial infarction and reperfusion. \*P\<0.01, compared to AMI/R or small groups (one-way ANOVA followed by the Student-Newman-Keuls test and the Student *t*-test).](1414-431X-bjmbr-47-03-00245-gf001){#f01}

![Ligation area, area of no-reflow and necrosis area after 4 h of occlusion and 2 h of reperfusion (pathological staining, 1×). The red areas show the ligation area, black areas show the area of no-reflow, and white areas show necrosis (see black arrows). AMI/R: acute myocardial infarction and reperfusion.](1414-431X-bjmbr-47-03-00245-gf002){#f02}

In a secondary analysis, rabbits in the atorvastatin and AMI/R groups were divided into two groups based on the NA (90% of LA). The small group (\<90% of LA) included 6 rabbits, and the large group (\>90% of LA) included 10 rabbits. There was a significant difference in pathological evaluation of the NA between the small (83.23±3.11%) and large groups (93.46±2.65%; P\<0.01). There was no significant difference in the ANR between the small (61.40±5.13%) and large groups (69.87±9.16%; P\>0.05) ([Figure 1C](#f01){ref-type="fig"}).

Atorvastatin was associated with reduced levels of IL-6
-------------------------------------------------------

Serum IL-6 levels did not differ significantly at any time point in the sham-operated group, and no significant differences were seen between groups at 5 min before LCX occlusion. In the AMI/R and atorvastatin groups, serum IL-6 significantly increased from baseline, after 4 h of LCX occlusion and after 2 h of reperfusion (all P\<0.01). However, IL-6 levels in the atorvastatin group were significantly lower than in the AMI/R group (all P\<0.01; [Figure 3](#f03){ref-type="fig"}).

![Effects of atorvastatin on serum interleukin-6 at different time points. \*P\<0.01, compared to acute myocardial infarction and reperfusion (AMI/R); ^\#^P\<0.01, compared to baseline; ^+^P\<0.01, compared to ischemia (4 h) (repeated measures ANOVA followed by the Student-Newman-Keuls test).](1414-431X-bjmbr-47-03-00245-gf003){#f03}

Atorvastatin was associated with reduced expression of IFN-γ in myocardial tissue subjected to reflow and no-reflow
-------------------------------------------------------------------------------------------------------------------

Immunohistochemistry clearly demonstrated positive expression of IFN-γ in vascular endothelial cells ([Figure 4](#f04){ref-type="fig"}). As shown in [Figure 5](#f05){ref-type="fig"}, IFN-γ expression during reflow and no-reflow was significantly higher in the AMI/R and atorvastatin groups than in normal myocardium or in the sham-operated group (all P\<0.01). In both groups, IFN-γ expression was more marked in no-reflow areas than in reflow areas of the myocardium (both P\<0.01). However, IFN-γ expression in the reflow and no-reflow myocardial areas was lower in the atorvastatin group than in the AMI/R group (both P\<0.01).

![Expression of IFN-γ in different regions of the myocardium in the three groups after 4 h of occlusion and 2 h of reperfusion (IHC, DAB staining, 200×). Positive IFN-γ expression was seen in vascular endothelial cells (as shown by arrows). AMI/R: acute myocardial infarction and reperfusion.](1414-431X-bjmbr-47-03-00245-gf004){#f04}

![Integral optical density (IOD) analysis of IFN-γ levels in myocardium of different regions in three groups. \*P\<0.01, compared to normal region; ^\#^P\<0.01, compared to reflow region; ^+^P\<0.01, compared to acute myocardial infarction and reperfusion (AMI/R) (one-way ANOVA followed by the Student-Newman-Keuls test).](1414-431X-bjmbr-47-03-00245-gf005){#f05}

Discussion
==========

Statins are widely used to treat dyslipidemias. Cardioprotection elicited by this class of drugs may be attributed to their diverse variety of non-lipid lowering pleiotropic effects. Statins augment endothelial function, stabilize vulnerable plaque, reduce adhesion molecules, and decrease circulating biomarkers ([@B08],[@B09]). It has become increasingly clear that the cardioprotective actions of statins are not limited to the prevention of cardiovascular disease, but include acute effects that have been shown to be mediated by mechanisms independent of cholesterol lowering ([@B10]).

Statins have been shown to provide protection against ischemia-reperfusion injury ([@B11]). The Novel Approaches for Preventing or Limiting Events (NAPLES II) study showed that a single, loading dose of statin was associated with a 32% reduction in the incidence of peri-procedural biomarker-defined myocardial infarction (MI) in patients who underwent elective PCI ([@B12]). This result supported the findings of an earlier study ([@B13]). However, there is a paucity of data reporting the effects of single-dose statins on myocardial tissue-level perfusion when given 12 h before ischemia and reperfusion. This has prevented statins from being routinely used in cardiac emergencies.

Our results show that single-dose atorvastatin significantly reduced the mean area of no-reflow following AMI/R. Chronic statin treatment before admission has been shown to reduce the incidence of no-reflow in patients with acute MI undergoing successful primary PCI ([@B14]). Other investigators have shown that pretreatment of animals with simvastatin before reperfusion significantly decreased the plasma activity of creatine kinase, which is an index of myocardial necrosis, and also reduced both no-reflow and infarct size ([@B15]). The results of this study demonstrated that the NA in the atorvastatin group was significantly smaller than that in the AMI/R group. This finding suggests that atorvastatin may have a protective effect on the myocardium as proposed by others ([@B15],[@B16]). It has previously been demonstrated that infarct size may be associated with the no-reflow phenomena ([@B17]).

IL-6 is an important mediator of inflammation, which is generated by leukocyte and endothelial cells. It has been suggested that IL-6 is more sensitive than C-reactive protein or creatine kinase during myocardial ischemia and reperfusion ([@B18]), and, on the basis of these findings, it is regarded as an important marker of myocardial tissue stress and injury. Our results indicated that both ischemia and reperfusion injury induced the production and release of serum IL-6. We also showed that a single dose of atorvastatin was able to decrease IL-6 levels, possibly resulting in an anti-inflammatory effect. Experimental studies have shown that pretreatment with simvastatin reduces systemic and myocardial levels of proinflammatory cytokines by stimulating peroxisome proliferator-activated receptor gamma receptors and by inhibiting nuclear factor-κB expression in myocardial tissue ([@B19]). In addition to suppressing the expression of proinflammatory cytokines, statins have also been shown to upregulate the expression of the anti-inflammatory cytokine IL-10 and to improve the ratio of tumor necrosis factor (TNF)-α/IL-10 in a post-MI model in rats ([@B20]). These effects may ameliorate the early phases of left ventricular remodeling that occur post-MI and thereby improve left ventricular function ([@B20]).

IFN-γ is an inflammatory cytokine secreted by endothelial cells, mononuclear macrophages, and lymphocytes. It participates in immunopathogenesis and destroys the structure and function of blood vessel endothelium ([@B21],[@B22]). It has also been shown that IFN-γ increases excretion of C-reactive protein, which accelerates the development of atherosclerosis and thrombosis ([@B23]). Our findings indicated that both ischemia and reperfusion injury can induce inflammatory responses that promote IFN-γ production and release in the myocardium. We also showed that atorvastatin inhibits IFN-γ expression in the myocardium and thereby protects against inflammation. Statins have previously been shown to modulate the activity of transcriptional factors in myocardial tissue. Atorvastatin was reported to improve survival in a murine model of viral myocarditis by decreasing myocardial TNF-α and IFN-γ expression and increasing the expression of connexins ([@B24]). In a study in patients with troponin-positive acute coronary syndrome, rosuvastatin significantly reduced plasma concentrations of IFN-γ and induced a rapid and significant reduction of IFN-γ production in stimulated T-lymphocytes ([@B25]).

The mechanism of microvascular dysfunction leading to no-reflow is complex. Microvascular spasm, distal embolization of atheroma and thrombus, microvascular plugging by platelets and leukocytes, endothelial swelling, tissue edema resulting in compression of the microvasculature, oxidative stress, and inflammation may all play a role ([@B26]). Using a rabbit model of coronary occlusion and reperfusion, we demonstrated that AMI and reperfusion resulted in a significant increase in serum IL-6 levels and IFN-γ expression in myocardial tissue. We also showed that IFN-γ expression was most marked in no-reflow regions of the myocardium. It has been demonstrated that severe inflammatory reactions occurring during AMI/R can result in coronary microcirculation dysfunction and induce no-reflow ([@B27]). Thus, inflammation may be an important mechanism that contributes to no-reflow.

A secondary analysis in this study revealed a significant difference in NA between the small and large groups (i.e., the extent relative to the LA), but there was no significant difference in ANR between the small and large groups. This showed that no-reflow was not dependent on the reduction of infarct size. This result is in agreement with the findings of an earlier study ([@B28]). Microvascular obstruction is a cardiac magnetic resonance marker of no-reflow in ST-segment elevation myocardial infarction (STEMI). The presence of microvascular obstruction but not its extent corresponds to a larger infarct size in STEMI.

We clearly demonstrated that single-dose atorvastatin induced a reduction in serum IL-6, and myocardial IFN-γ expression resulted in a reduction in the ANR and infarct size during AMI and reperfusion. The means by which atorvastatin reduced infarct size is not clear. Several mechanisms have been proposed including prevention of myocardial no-reflow ([@B17]), anti-inflammatory effects ([@B10],[@B29],[@B30]), preservation of endothelial function ([@B31]), modulation of nitric oxide synthetase expression ([@B32]), protection from ischemia-reperfusion injury ([@B11]), increased coronary blood flow ([@B33]), and inhibition of platelet aggregation and thrombus formation ([@B34]).

A significant body of clinical research and experimental evidence obtained in the past decade has established important prognostic implications of the occurrence and extent of no-reflow for recovery of regional myocardial function and clinical outcome. There is also evidence that statins have a favorable impact on clinical outcome. Based on our findings, we believe that the beneficial effects of statins on clinical outcomes are partly due to the reduction of myocardial no-reflow.

The present study indicates that inflammatory reactions may be associated with the no-reflow phenomenon. The anti-inflammatory effects of single-dose atorvastatin improved microcirculatory disturbance, protected against no-reflow, and reduced infarct size. In future studies, we plan to investigate whether short-term pretreatment with single-dose statins, 12 h before PCI, can prevent myocardial no-reflow and improve outcomes in patients with AMI undergoing early invasive interventions.
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